Abstract: This paper assesses 4 years of operation of a 1.75 kW roof top solar PV system installed in a Sydney suburban house. The system consists of 10 PV panels, a DC/AC inverter, and a grid connected gross meter. Solar electricity delivered to grid is verified with the results from a computer simulation package (PVSYST) by adopting the installed component specifications, operation conditions, and weather data of the site. The results show high consistency between the values of energy delivered to the grid measured by the energy company and the energy estimated by system simulation. New system performance indicator is developed and called the optimum performance compliance ratio (P CR ). It is a measure of the compliance of the output of the designed PV system with the output which would be produced by the same system with a solar tracker. This indicator provides system designers, contractors and energy providers with the actual capacity of the system that they can offer the end-users.
Introduction
The global solar PV power generation market has experienced significant increase since 2008. It is estimated that the residential PV system capacity represents between 25% and 35% of the global PV capacity which is reached to about 140 GW [1] . The Australian market for PV installations experienced growth during the last six years due to incentives of the Australian Government's RET (renewable energy target) mechanism and other incentives provided by grants from ARENA (Australian Renewable Energy Agency), and the CEFC (Clean Energy Finance Corporation). The renewable energy target consists of two parts: the LRET (large scale) which is mainly for commercial systems, and the SRES (small scale renewable energy scheme) which is targeting residential application systems [2] . The estimated total PV capacity installed by residential sector in Australia reached around 4,918 MW by March 2016 [3] .
Grid connected solar PV system installations in residential sector were started in NSW (New South Wales)-Australia in large scale after the launch of the solar bonus scheme in 2010 which provided a feed-in tariff for PV systems of a capacity not more than 10 kW output. 320,000 households in NSW have benefited from the scheme and the estimated solar power installed by July 2015 was 820 MW [4] .
Few papers in the literature reported the long term performance of the roof top residential PV systems connected to the grid. Watt et al. [5] reported the actual performance of different residential PV systems installed in NSW-Australia of a capacity 1.6 kW and 1 kW. One year of energy supplied to grid was analyzed and the performance ratio for each site was calculated. The average yearly performance ratio achieved at these sites was found equal to 65-70%.
Long term assessments for grid connect PV systems for residential power generation were conducted for eleven main cities in Queensland-Australia using a computer simulation [6] . The impact of PV panel slope on energy fed to grid, investment cost, financial income, and CO 2 emission were also studied. It was found that for all cities considered in this study the optimum design is when panel slop is between 20° and 25°.
An online model was developed to predict output power and energy efficiency of solar photovoltaic system and validated with measured data of grid connected system in Ref. [7] . The model results fit very well with the real operation during the day time period 9 am to 4 pm, however it could not predict early morning and afternoon hours precisely.
The output of a 1.72 kW rooftop grid connected PV system in Ireland was recorded and analyzed to evaluate the annual final yield, performance ratio, PV module efficiency, system efficiency, and system different losses [8] . The results of performance indicators evaluated at this site were compared with the results at different sites in Europe and shown superiority among others only in reference yield where its value was found quite below the average.
In this paper, 4 years of solar electricity generation from a rooftop PV system located in Sydney is analyzed. The amount of energy fed to grid quarterly is concluded from the energy bill and analyzed against total solar irradiation measured by a local weather station. The collected data of system output are analyzed and high consistency with PVSYST simulation output is reported. The new method of benchmarking the PV system is introduced and compared with the currently used performance indicators. This paper gives guidelines for the energy companies and the local government on how to estimate the actual amount of energy fed to the grid by the rooftop PV system and highlights the major factors affecting system performance.
Roof Top PV System Description and Operation Features
The system used in the performance analysis of this work was installed in 2011 at a suburban house in Sydney. Fig. 1 shows 10 PV panels (175 W each) installed on the northern roof of the house. The PV panel array consists of two PV strings connected in parallel. The PV panel is selected in a way that its voltage and current at extreme winter or summer temperatures fall within the inverter voltage and current window (see Table 1 ). Such type of PV array arrangement allows for maximum power output and optimum invertor operation. High temperature increases the panel surface temperature and consequently may drop the panel output in the range of 4-10% [9] . Contrarily, low ambient temperature decreases PV surface temperature and may increase PV array output by the same percentage.
The highest and lowest daily temperatures during the years of system operation were found equal to 9.6 °C and 46 °C respectively [10] . Another factor affecting PV panel temperature is the wind and air circulation above and underneath panel surface. The current installation of the PV array is elevated 120 mm above the roof surface which allows air circulation underneath the panels by natural circulation. Wind data measurement shows that average wind speed in summer is higher than winter and reaches about 6 m/s during day time. This improves heat loss by convection from the PV panel surface and thus improves the panel efficiency.
The AC output power from the inverter is fed to the local grid through a gross meter. This meter exports the generated electricity directly to the local energy provider (Energy Australia). In the meantime, the household load is imported from the grid from the same gross meter. The DC and AC wiring between the PV array and the invertor and between the invertor and gross meter are designed with minimum length to reduce drop in voltage. Since the first day of operation, this system has not undergone any maintenance or cleaning process such as removal of dust or dirt from the PV array upper surface. The only cleaning process is basically performed by the natural fall of the rain which occurs in the four seasons. The average rain fall in Sydney is variable and reaches its maximum in December (169.6 mml/month) and minimum (9 mml/month) in July [10] . The Australian standard for PV system installation has been achieved by considering the following regulations:
(1) NSW Service and Installation Rules; (2) ASNZS3000 and Energy Australia's Electrical; (3) Clean Energy Council rules for design and installation of the solar PV grid connected system. Table 1 presents the summary of the PV systems main specifications.
Long Term Performance Assessment and Computer Model Validation
The roof mounted system was installed early in 2011 and four years of electricity data fed to the grid from 2011 to 2015 were analyzed and presented in Fig. 2 . Electricity is fed to grid through a gross meter that exports all the PV system output directly to the grid. The gross meter data are reported quarterly (every 3 months) in kWh by the local energy provider (Energy Australia). Fig. 2 shows high consistency of energy production during the four years of operation with some small dip and rise based on the incident global irradiation. It can be concluded from Fig. 2 that the average long term power generation efficiency (output divided by global irradiation) is about 10.9%. The maximum energy fed to grid occurs during the quarters 4, 8, 12, and 16 which represents the summer period in the year 2011, 2012, 2013, and 2014. Alternatively minimum energy production occurs during the quarters 2, 6, 10, 14, and 18 which represents the winter period in these years.
System output was registered by the local energy provider company (Energy Australia) for three daily periods of grid load: peak, shoulder and off peak period.
The outputs during each period are summarized in Fig.   3 . It is clear that maximum system output occurs during the shoulder period which covers the time from 7 am to 2 pm. The energy generated during this period represents between 75% and 87% of yearly energy output. The maximum amount of energy fed to grid occurs during the quarter October-January for both peak and shoulder time. While the minimum load spread over two quarter periods April-July for peak load, and Jan.-April for the shoulder load.
The off peak period output is almost negligible in different seasons since the solar elevation angle before 7 am is quite high and solar irradiation is too low. For this type of PV system output profile it can be concluded that net metering (selling surplus energy from household to grid) is more convenient than gross metering (selling all energy production to grid).
This can be justified since the current price of selling solar electricity to the grid in Australia is in the range of 5-20 ¢/kWh which is much lower than the price of buying conventional electricity from the grid during the peak load period which reaches up to 40-46 ¢/kWh. The monthly performance presented in Fig. 6 shows that maximum energy production in the year occurs during October. The difference between array output and energy fed to grid represents the energy loss in the systems. It appears in Fig. 6 that this energy loss does not change much during the year. The slight increase in the energy loss during hot and warm season is due to the increase in PV surface temperature.
4.
Benchmarking the PV System Performance Many types of methods are used to assess the long term performance of the power generators of different energy sources such as: oil, gas, coal, renewable, etc. Although these assessment methods are applicable to the different power generator, solar power generators require some other considerations. The intermittent solar irradiation, system orientation, and of other weather conditions affect dramatically the long term performance [9] . The major performance assessment methods of solar PV power generators found in the literature are summarized by the following five indicators:
(1) System efficiency ( system η ); which is simply the ratio of the output energy to the energy from the incoming irradiation on the same PV system area and is given in the following form [11, 12] :
Since the input energy used in this method is the solar irradiation on the PV surface area, the calculated system efficiency is quite low (10-12%) and depends significantly on the PV panel efficiency (13-15%) and inverter efficiency (95-98%). This method is useful when it is required to compare the different designs and brands of PV systems. However, from the end user point of view the low value of system efficiency is not a strong selling point for these systems because low efficiency cannot be justified if it is compared with other types of traditional power generation units.
(2) Solar fraction (SF); which is the amount of energy produced by the PV system to the amount of load required at the respective site [13] . The value of solar fraction depends mainly on the PV system contribution to the site load and cannot be used to compare system performance with other similar systems at different sites. Furthermore long term system capacity cannot be identified by this method.
There is no specific range for the value of SF because it depends on the percentage of solar contribution to the site energy load, yet from the economic perspective SF cannot approach 100% due to the requirement of the costly energy storage battery bank to cover the periods of low or zero irradiation.
(3) Performance ratio (P R ): which represents the amount of energy produced by a PV system to the energy which would be produced by the same system operating continuously at STC (standard test conditions) and same global irradiation [14] [15] [16] and it can be represented by this equation:
P R values are typically evaluated on a monthly or yearly basis by including system losses and it is independent of system size. In some cases P R calculated for smaller intervals, such as weekly or daily, to investigate the occurrences of component failures. The average value of the performance ratio is found in the literature within the range of 0.6 to 0.8.
(4) The final PV system yield or the PV system specific power production (Y f ). It is the actual net energy output divided by the maximum installed power capacity of the PV array and has the unit (kWh/kW c ), thus [8, 14, 16] :
Y f is a convenient way to compare the energy produced by PV systems of different sizes. The average value for Y f found in the literature is between 1.4 and 4.8 kWh/kW c .
(5) Capacity Factor (C F ) is defined as the ratio of the actual annual energy output from The PV system to the amount of energy the PV system would generate if it is operated at its full rated power 24 hours a day [8] , thus:
The annual average value for C F achieved by the work of Ayompea et al. [8] was 10.1%.
Proposal for New Definition of the PV Performance Indicator
The performance indicators P R , Y f , and C F introduced in Eqs. (3)- (5) benchmark the performance of the solar PV grid connected system to the standard test condition which assumes that:
(1) Solar radiation is always normal to PV surface; (2) Solar radiation is maximum (1,000 W/m 2 ); (3) Average ambient temperature is 25 °C; (4) Air mass of 1.5; (5) System losses (e.g., wiring, invertor, etc.) are not considered.
The above standard operation conditions (2 to 5) cannot be achieved constantly during the actual operation of the solar PV system in another word, it is a state of hypothetical operation and it can only be achieved by laboratory virtual conditions. Considering these arbitrary conditions in the performance indicator of a solar PV system will underestimate the actual value of the performance indicator.
In general the energy capacity (E c ) of a conventional power generator is specified by its power capacity (P c ) during full load operation and it is calculated by: (6) Eq. (6) shows that a full load operation of a generator may reach its maximum when it is operated full time (daily, monthly or yearly). This type of operation cannot be achieved by renewable energy systems and specifically the solar PV system since its output is limited to the following real conditions:
(1) Number of sun shine hours during the year; (2) Site Irradiation and weather conditions during the year; (3) PV array orientation and inclination. Therefore it is not correct to specify the energy capacity of a 1 kW PV panel by referring to Eq. (6) because the above real conditions frame its yearly output and nothing can be generated beyond this limit. Based on this fact and from the end-user perspective PV system capacity must be readjusted for each site based on its real condition. The end-user should not be penalised financially for the unreachable STC.
The PV array orientation and inclination loss can be eliminated at a certain location when the solar beam is kept normal to PV surface from sunrise to sunset (i.e., when the PV panel is controlled by a solar tracker). Such type of tracking mode allows the PV system to produce its maximum yearly energy output. Based on this fact the performance ratio (P R ) and the capacity factor (C F ) given by Eqs. (3) and (5) can be adjusted and represented by new performance indicator called the optimum performance compliance ratio (P CR ) given by the following equation: (7) where, E P : Energy produced by the actual PV system (kWh/year).
E max : Maximum energy produced by the same PV system with two axis solar tracking mode (kWh/year).
The optimum performance compliance ratio (P CR ) given by Eq. (7) is a measure of the compliance of the PV system output to the optimum design (solar tracking system) output. This indicator provides system designers, contractors and energy providers with actual picture of the PV system size offered to the end-users. For example, if a system of 1.5 kW is required to be installed in two different sites with different roof orientation their cost price ($/kWh) must be adjusted to the P CR value because this is the actual output that the end-user receives and not the PV panel output at STC condition. Fig. 7 shows the difference between the roof mounted system of this work and the solar tracking PV system output. The monthly output of the roof mounted system is always below the solar tracking system in the range of 21-28%. Therefore, this difference in system output will cause the proposed P CR ratio follows different trend from other traditional performance indicators such as the P R . This is quite obvious in Fig. 8 which shows the variation of the two indicators during the whole year. The proposed P CR ratio shows that the PV system of this study has the lowest compliance to the optimum design performance in winter season in contrast to the P R ratio which shows system performance is optimum in winter. The proposed P CR indicator considers the optical loss (cosine loss) and compares the system output with zero cosine loss case which is the solar tracking system. Therefore, the P CR ratio drops down in winter due to the low solar elevation angles which maximize the optical losses of the roof top average rati system of th 
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